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membrane receptors and a large" ^ ^T* 1 * ** "* » «« 

ceptor was identified as the gang J£ 5" the action. The re- 

[«al«yl] lactosy] ceramide). and the Zh! ^ ( ^«°^N*cetylgalactosaminyI 
-oiecule into the membrane follow! he ap Ed T"*" ° f < he 
these findings to the mechanism of prmec f iml g '° ?T ^ rela «P of 
bodies to the enterotoxin as well JZT ,mmun »y. wh.ch is mediated by anti- 

c^/er^ was investigated T h ral^r„:°^H e of V. 

L subunit and protected by ^Zi'T^ ^ f e " ed m ^ the 
probably interfered with adhesion o / cZlZ i ST ■ amibaCterial "»«*odta 
■mmune responses ,o toxin and bacte / T^Z^.'T^^ ******** 
penmental cholera indicates tha, an imp" ved 2 T " Pr ° teCt, '° n against «" 
toxoid and lipopolysaccharide as an In lE^T 0 *.? 0 "" C ° main both 

enteral immunization gave rise to inleTJ u b "' e " her sub «»aneous or 
cholerae. * '° ,ntest,naI ^"'"es.s of spedfic antibodies to V 



e^se aft^ ^ Salm ° neUa ' M Cau * ** 
ease after penetration into or across the intestinal 

7:: h *r T/ib "'° choierae * "S™ 

ndude m 1 Pat ! ,0geniC CVentS in cho1 ^ 

nclude (7) ln gestion of cholera vibrios with con- 
tacted water or food, (2) entrance of viabTe 

plTcaZand 1116 r" bOWC1 ' « ba « erial 

Pathogenesis 

^A«/o« o/ F. dk oW Gastric 
been f ound to pJay an ^ roje Y has 

ng he minima , inf e Ctive dose of p. cAofc™. ? his 
rela 10nsIlI p was quantised in studies by Cash e 
al [1], who found that 10n liye v . brios V « 

y .equtred to produce disease in volunteers when 
the bactena were given without bicarbonate In 
contrast.adoseofJOOorganisn.swaseffectivewhe^ 

c^; x sr\ 6 w x^ bed was "«"*- *»- 
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adm,n,stered together with 2 g of NaHCO s . Vib- 
os that survive the hostile environment „ the 

bowel and of multiplication and production of 
ox.n. Penetration through the mucous layer and 
adhesion to the epithelium may be the mecha 

cleaning brought about by peristalsis (figure 1) 

ot rr 1 ; 1 - [2] found that in 

Ee in at™ ^ mUCOSa of < h * -all 

bowe, in a manner suggesting adhesion to the in- 

mended h r ° f ^ ^ Thh Nervation was 
Te ence of y /TT l$l Wh ° f ° Und that ad- 
of I 1' CA0ferae to the int «tinal mucosa 

0 the rabbtt withstood washing. William et al 

vchZ stressed . the importance ° f the ™w of 

1 t k P enetration of the mucous layer 

o?T I ', imeSdnaI epithdium - ^ n.udn- 
ases of V. cholerae, which were once believed to 
be Ae actual choleragenic factor, may pla^ a ro e 

in this process. r 7 

eraldofef'TT The P a '^genesis of chol- 
era .s closely related to the action of the V. chol- 

evH, emer T ,n ° n Ae Sma11 int «"ne. Strong 
evidence ind.cates that active secretion of electr^ 
lytes by the enterotoxin-stimulated epithelfum Z 

i^hlraV 055 ° f flUid C ° nSe ^- l ° 
sL y Z , t0 mCTeaSe the levels of adeno- 
sine 3 .5 cyclic monophosphate (cyclic AMP) 
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Figure 1. Postulated pathogenic 
mechanisms in cholera. Top, pene- 
tration of Vibrio cholerae through 
the mucous layer and adhesion to 
the uitestinal epithelium (ep.) Cen- 
ter, a possible receptor-creating role 
of sialidase (neuraminidase). Bot- 
tom, stimulation of intestinal hyper- 
secretion by enterotoxin. L-aggr = 
aggregated L subunits; see text for 
definition of other abbreviations 
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the mucosal cells [5]. The key observations that 
clanfied the link between the action of cholera 
toxin cyclic AMP, and intestinal secretion were 
provided by Field [5] and his associates. Using a 
system in which ion fluxes across the intestinal 
epithelium could be measured, they demonstrated 
that, when exposed to cyclic AMP or theophylline 
(which inhibits the cyclic AMP-degrading phos- 
phodiesterase system), the epithelium responded 
with net secretion of chloride and inhibition of 
sodium absorption. Identical effects on these ion 
fluxes were observed, after a lag period, by in- 
stillation of cholera toxin on the lumen side of 
the intestine. Several groups demonstrated ele- 

Zn k "! °J ^ AMP in mucosa of ^e 
mall bowel during clinical as well as experimen- 
tal I cholera. Using the purified toxin [61, Sharp 
and Hyme [7] and Kimberg et al. [8] showed tha\ 
the enterotoxin of V. cholerae exerted its effect 
on intestinal cyclic AMP by activating the adenyl 
cyclase system in the epithelial cells. 
Subunit structure of cholera toxin. The struc- 



ture-function relationship of cholera toxin, the 
nature of the intestinal cell membrane recep- 
tor and the mechanism of activation of adenyl 
cyclase have been studied in our laboratory Dif- 
ferent strains of V. cholerae, belonging to either 
ot the two major serotypes (Inaba and Ogawa) 
were shown to produce an immunologically iden- 
tical toxin [9]. Our studies revealed that cholera 
toxin contains two types of noncovalently linked 
subumts [10]. These subunits could be separated 
either by electrophoresis in polyacrylamide gel in 
the presence of sodium dodecyl sulfate and urea 
or by gel filtration in acidic glycine-urea buffer 
The molecular weights of the two subunits were 
estimated to be 28,000 and -8,000 daltons, respec- 
tively; we called these subunits H (heavy) and L 
(light). Alternative designations are A and B sub- 
units, respectively. We concluded that each toxin 
molecule, which has a molecular weight of 84 000 
daltons, consists of one H subunit and about six 
subun 'ts- We also observed that the H subunit 
contains two peptide chains that can be sepa- 
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rated by reduction and alkylation [10]. Finkel- 
stein isolated, in addition to the active toxin, a 
nontoxic protein, choleragenoid, that is im- 
munologically similar to the toxin but has a 
molecular weight of only 56,000 daltons [6]. We 
found that this protein contains the same number 
of L subunits as does the toxin but that it lacks 
the H subunit; this finding indicated a critical 
role of the latter subunit for the biologic activity 
of cholera toxin. Our model of the subunit struc- 
ture of cholera toxin has subsequently been con- 
firmed by studies of Cuatrecasas et al. [11], S van 
Heyningen [12], and others. 

Structure of toxin receptor. The first event in 
the action of cholera toxin on the intestinal cells 
is a rapid, tight binding to the cell membrane. 
Prompted by the observation by W. van Heyning- 
en et al. [13] that a crude mixture of gangliosides 
could inactivate cholera toxin, we investigated, 
in collaboration with Dr. L. Svennerholm (Uni- 
versity of Goteborg, Goteborg, Sweden), whether 
a ganghoside might constitute or be part of 
the membrane receptor. We found that the pure 
monosialosylganglioside G M1 (galactosyl-N-acetyl- 
galactosaminyl[sialosyl] lactosyl ceramide) bound 
and inactivated cholera toxin in a 1:1 molar ratio 
whereas no other glycolipid reacted in a specific 
manner with cholera toxin [14]. Further experi- 
ments indicated that the number of binding sites 
for cholera toxin on different cells was directly 
correlated to the amount of G M1 in the cell mem- 
brane [15]. Chemical modification of various 
amino acid residues in cholera toxin concomitant- 
ly affected binding to cells and to matrix-coupled 
Gi,, [16]. Furthermore, in agreement with results 
of studies of fat cells by Cuatrecasas [17], we found 
that G MI could be incorporated into the mem- 
brane of intestinal cells. Such incorporation spe- 
cifically increased the number of binding sites for 
cholera toxin in the intestine and also enhanced 
the susceptibility of the intestine to the diarrhea- 
genic action of the toxin [15]. This accumulated 
evidence strongly indicates that the ganglioside 
G M1 is the membrane receptor for cholera toxin 

Mechanism of action of toxin. Studies with 
the isolated L and H subunits and with toxin de- 
rivatives containing various proportions of both 
and H Provided knowledge about the respective 
pathogenic roles of the two types of subunits in 
cholera toxin (figure 1). Subunit L was found to 



mediate the binding of toxin to the cell mem- 
brane but not the activation of adenyl cyclase. 
The H subunit could not bind to cells but was 
essential for biologic activity. We concluded that 
the role of the L subunit-G M1 receptor reaction is 
to facilitate productive interaction of the active 
subunit H with the cell [18]. 

Our recent studies have shown that, within a 
few minutes after the reversible binding of toxin 
to the cell surface receptors, the toxin becomes 
irreversibly associated with the cell, probably by 
penetration into the membrane [16]. The results 
of our work also indicated that, in addition to 
M1 and aden yl cyclase, cell structures are in- 
volved in the activation process [16]. However, 
the exact mechanism by which subunit H (or one 
of us peptides) mediates stimulation of adenyl 
cyclase remains undefined. One possibility is that 
it acts intracellularly, in which case the action is 
probably enzymatic, since only a very small 
amount of toxin can be demonstrated in die cyto- 
sol. Another possibility is that the H subunit 
either enzymatically or allosterically, modifies 
adenyl cyclase without leaving the membrane 

Neuraminidase of V. cholerae. Cholera vibrios 
produce neuraminidase, which can hydrolyze oli- 
gosialosylgangliosides (primarily G DI [disialosyl 
galactosyl-N-acetylgalactosaminyllactosyl ceram- 
ide and G T1 [trisialosylgalactosyl-N-acetylgalacto- 
sammyllactosyl ceramide]) to G M1 . Therefore, we 
expected to find a pathogenic role of this enzyme 
m cholera as a means by which the vibrios could 
increase the number of toxin receptors on intesti- 
nal cells (figure 1). G D , and G T1 isolated from 
small bowel mucosa were completely hydrolyzed 
to Gju by incubation with neuraminidase from 
V. cholerae. However, we have found that the 
neuraminidase appears to be unable to act on the 
intact intestinal epithelium or on its dispersed 
cells. Thus, the ganglioside pattern, the number 
of binding sites for cholera toxin, and the sensitiv- 
ity to the diarrheagenic action of toxin were not 
influenced by neuraminidase [15]. 



Immunology 

Observations, in cholera-endemic areas, of a dras- 
tic fall in the incidence of cholera with age, a low 
frequency of reinfection, and a reduction of the 
disease by vaccination indicate the significance of 
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quired immunity in cholera [19]. All available 

^ cellular .mmune mechanisms. Clinical chol- 
aTioT "* t0 amib0d,eS 10 the bac "™ as well 
I Z e oe e s m o T t0 t J" Pr ° teCtiVe ro,e * ^ 
ta^SSLlT h3S bCen ^""rated 

an ' mah - In hu ™»« the en- 
hanced resistance to cholera that is induced by 
venation with static antigen indicates I prj 
tecuve function of antibacterial immunity The 
•gntficance of antitoxic antibodies for protect 

brief protection [20] 5 

a_ S * '*■*■« has been found ,„ 
™*Ke agmScam protection agaimt . 

• . the ant ibacterial protective 

oThrLpVVhu c s lusiv t y mediated b * 

to LPS r I T , WC h3Ve f0Und that antibodies 

KTaS- f° m > eri —e sera to whol 
iwios by affinity chromatography nosse« ,h» 

been able T i P J *. Conse< l uentI y. we have not 

to a cell envIL J P™"™* r ° ,e of ^tibodies 

bave been present in ,! a " t,gen might 

thatcouSnm r > """^ pr ° tein fracti °n 

"illcH 6 e,im,nated from our LPS prepa- 
raUons despite repeated extraction with pLnol- 

rA? 6 LPS ° f ° gawa and In aba strains of V 
T TeaCt immuno ^cally through t he 

"preltTr m A bUt 3re d 'fferentiafed Jy 
the presence o the type-specific determinants I 

vacd„;Tr C l t ,y ' ^ fidd tria,s ' monovalent 
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^^J^SS^S^ pr otcctivc capacities 

Inaba LPS covalcntly 3 f ° a K Column 
tached type-specific rLd K-K ^. Sepharosc - U "at- 

buffer /nH 71 «i wiui u.uo M phosphate 

(anti-A^Ioo^ fi^ t In t Iared 

clution with 1 M acetate buffe oH « / Ubse( ' uent 
antibody were estin, a t.J i • J P )- Amou nts of 

action against challenge wftj'hve O £2' " d Pr °- 
was studied in the raKki, „ • gaWa or 8 an «sn>s 

b-). l,^^™^"** ? atChed 

and H flieht anrf h.= en terotoxm subunits L 

on a choietg'oid Se7ha^ PeCti , Ve,y) Wm 

an , . m . ,ntrade "nal neutralization assay AC - 
antigenic determinants on Inaba LPS- r 
aggregated L subunits. S ' ^ = 



iln/i/oxic immunity. We have observed that 

^ w;:tr ith ti purified cho= ^ 

fion J ^ewhat higher degree of protec- 

•on agamst experimental cholera than does a cor 
respondmg immunization with cholerainoW 
The greater efficiency of the active to*£2K 

protective role of antibodies induced against £ 
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toxic H subunit. We tried to evaluate the rela- 

«ve protective r capacity of antitoxins directed to 

subunit. L and H, respectively. Antibodies to the 
H sub. t obtained by am . ser 

whole toxin through a column containing chol- 
eragenotd covalently coup led to Sepharose (Phar- 
macia Fine Chemicals. Uppsala, Sweden). Anti- 
bod.es to the L subunit, bound by the column 

bX' 5 ™ n y SUbSeqUem dUtion 
buffer. With all sera tested, antibodies to the L 

subunu were not only present in considerably 

larger quantities than were antibodies to the H 

subun ,t but also had. in relation to amount, a 

much h lg her toxin-neutralizing capacity (figure 

Mode of action 0 f protective antibodies. Since 
neither the cholera vibrios nor their enterotoxin 
appear to penetrate the intestinal mucosa, only 
those antibacterial and antitoxic antibodies pres 

sulfZ ^ imeStinal 1UmCn ° r at the ™1 
surface can be expected to be effective. Our ob- 
servation that antitoxic immunity is almost ex- 
clusively medmed by antibodies to the L subunit 
nuhcates that the protective antitoxic antibodie 
a« by preventing binding of toxin to the G Ml 

rS'^an r? t0r " . thC imCStinal e P ithe,iu ™ 

of aTh * by . in c teracting whh the " toxic " 
of the H subunit. Studies with separated immuno- 

have a In 3 " 10 " 5 Sh<>Wed IgG 
have a much greater neutralizing potency than do 

anybodies of the IgM class, which are practically 
without effect [24]. A protective role oflgA ant" 
bodies has been documented by Kaur et al r 2 51 
who extracted secretory I gA antibodies ' with' 
oxin-neutrahzing capacity from crypts of the in- 
testinal mucosa of immunized rabbits 

Jll\7-t\° l action of the protective antib «- 

ter al antlb od,es ,s less clear. Neither bacterial 
killing nor opsonization, which are the common 
pathways by which antibodies mediate protection 
against bacteria, infections, appear to I sign.fi 
cant in combatt.ng V. cholerae in the small bowel 
Instead. Freter [3] has suggested that the antibao' 
enal antibodies act by inhibiting the adhesion of 
■ ^oleroe to the mucosal surface, thus enhanc- 
ng expulsion of vibrios by peristalsis and impair- 
ing delivery of toxin. This concept is based on the 
finding that passiye immuni2ation 

nubaaena, antiserum placed in the imLine, 
as well as active immunization with killed vibrios 
resulted ,n a marked reduction of the number of' 



vibrios adsorbed to the mucosa of infected intes- 
tinal loops but did not affect multiplication^ 
V. ch olerae. The possibility that antibacterial an- 
no^ a,S °, impair e -«erotoxin production has 
not been excluded. Irrespective of the mechanism 
of act.on, IgG, IgA. and I gM antibodies to V. 
cholerae are all capable of mediating protection if 
they are prese , in the ^ 

Steele et al. [26] found that antibodies of thesl 
three classes were equally effective in prevent 
experimental cholera in mice. g 
Origin of protective antibodies. Although an- 
tibodies to V. cholerae must exert their Lion 
w ithin the intestine, the site of synthesis may still 
be outs.de the intestine. Numerous studies have 

mToTn 1 ? 3 $ignifiCam inHuX o£ ™ 
munoglobul in into the small bowel, an observa- 

t on suggesting that protective antibodies to V 
cholerae may be derived from the circulation' 
Concern with this possibility, an inverse correlai 
t on has been found in cholera-endemic areas be- 
tween titers of v,briocidal antibody in sera and the 

zTtt n the h0,era i 19] - AftCr ParCnteral 
.zat!on there was a direct correlation between the 

titers of antitoxin in sera and protection agaYns 

experimental cholera in dogs [27] and raW>iL 

[28]. Furthermore, transfusion experiments by 

ourselves and others have indicateSTthat serum 

The importance of local formation of antibody 
in die .intestine .was first indicated by Burrows et 
al. [29], who observed protection against experi- 
oTamiboH 0,era ,n abSe " Ce ° f ^ificamTers 

vfwo £te n SeiUm 3fter VaCCinati ° n Whh 
vibrios Later investigations demonstrated that 

protective immunity against enterotoxin can be 
indu Ced , with formation of only a small amoun 
of serum antibody, by means of local administra- 
tion of antigen [28]. Not until recently were meth- 
ods permuting direct quantitation of local anti- 
body formation in tissues used in studies of im- 
munity to cholera. Using a toxin antigen-specific 
immunofluorescence method, Pierce and Golan 
[30] observed that repeated local administration 
of a formalin-prepared cholera toxoid gave rise 
to specific antibody-containing cells in thflami™ 
propna of the small intestine of the rat 

a J^*7 quantitated lo <*l as well as systemic 
antibody formation to cholera antigens after Z. 
-us routes of immunization by aflowing issue 
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^^jZ 1 ™* rabb r » ~ 

J* the new, fX^^t*^ 
finny chromatography We fn, J ? " by af " 
vaccinations with a nL ! " d that two « 
and enterotoxt induced - C * B r *° to » e LPS 
radiolabeled ZiZdTtoC™ ° f 
ly in the spleen but al n am * gens not <>"• 

Peyerspatc^rrsn R i ° ,n ^ nteSt,nal tissue 
gen into the inisiLn^^- lnstillal ^ of anti- 
similar amounTo ^ " U rr, , !l dUCed Symhesis * 
-estine as ^^^^^ i„ the 

waller amounts in Z Tni ,mm " nizati °n but of 
°ody in serum w er ^ of -ti- 

vaccination. Studied « V, " than after « 

*» medium u^g n 3 ^ 1 " ? inCuba ' 
specinc. enzyme-hnked ,mmuno g ,ob "»n class- 

spleen medium re CT rdle s ^ P redon "nated in 




Intraluminal 
(high dose) 
LPS 
Toxin 
Intraluminal 
(low dose) 



"■gner (ute1rfZ%,*? ° f * A -re 
^ater intestinal I 'suZl m tne $,mi,ar or even 
'ban after sc immun L f V ^ after e "*ral 
Parenteral rouTe ZZTkI " ? " 0,able that 
'-unity a g ai„ e s f rteSr^ n ° f 
vibrios as well as with ,„ • C / ha,,en g e w »b live 
Probably reflect! a , ZT ,n (UMe 2) This fa « 
rum antibodies « 2 ?T COmribu "on of*. 

Hed efficacy of killed v.h.;,. ^ we ' The hm- 
-ion of the «SK ^ "ofT and recog- 
terotoxin in the ™ C ° f 'be immunogenic en- 

Fompted intense eC^dev J* ^ haV£ 
Solera vaccine 

m our laboratory haw ;„j 7 Recent stud »'es 

conuining , 0 x„ ld as „_.,, ° ™ c °m°'"ed type. 
''■ cholera, [321. Thus „ A !" C <" 

duced a more than inn.r u u" an tigens in- 
munity in th e rabbi al **« ° f im " ~ 

vibrios than did^LST with 
J- antig ens iT^T^ *»» - the 
feet was not due to enC ? syner g ist * ef- 
action, of the .ntftSS^r ^ adjUVam ' 
responses in themselv" e a £ Mt . ,toxic imm "ne 
lenge with toxin was no J" 3 "' 6 t0chaI - 

sponse induced L , ^ ab ° Ve the re " 
alone. Instead, the k e al T Whh toxi " 
'be interferen e wftf twn PParCm,y reSU,ted fro1 " 
Pathogenesis of chX ^ in * e 
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^ t; each sc injec ; io ° SS^P^^S- 
° f toxin, and the intraJu^ , "* ° f ^ •»«• 10 « 

*»d I00 Wo f , oxi „ (K^" (h ' gh dt >") « 2 m g of LPS 

TTiters of antibody wtr, m ' 
immunosorbent assay (EUSa7(JMJ ^ en, » M * fi »k*d 
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IMMUNIZATION 

^w* h s ^rir ot 7 ive effect oti ^- 

and enterotcS^ tSZ^IS^ ^ 
two sc injections two weeks mm ,S u 7 g,VCn 

intraintestinally five days after ,h "! . ch * ne ^ 
Hon. The immunization h Ae second »™rmniz a - 
15 oTchok °L^ S WCre h25 m * of LPS 

" Actors repLent^^nhTsXSc. 
immunized animals to th».t "Active dose for 
control animal" concurrently tested 

bin^ th , re , gard t0 thC tOXO,d c °™ponent of a com- 
bined choIera vaccine traditiona 7 co £ 

Z a Z n euTr trCatmem Whh or 
glutaraldehyde, have so far met with limits 

success because of reversion to tox* ty and x 

Jgi t nto the relat.onsh.ps between structure 
biologtc activity, and antigenicity of theenZt 
ox.n molecuie suggests at least L piSS 

i-reparanon of pure subunit L and appropriate 

S7 a r"d of this SU K bunit may * eld " a ^ 

H ex C ? u i e ' S,nCe thC dim ination of subunit 

ntficant f„ l ° Wthout -»7 sig- 

nificant oss of protective antigenic determinants 
Alternanvely, selective chem.4, mocuC on ,f 

^^^^^ 

htoung the antibody-fixing capacity of cho era 
enterotoxin [33] 7 cnoiera 

fe«.ve as the whole vibrio, UlLately" it m^ 



be possible to isolate, and perhaps synthesize 

mojecule Such fragments, having the advan 
Uge of be.ng free from endotoxic activity. 7oZ 
bly must be coupled to a MmVr u • P 
eenic U«. n ( ,1 . er to be im muno- 

genic use of cholera toxoid as carrier fnr th~ 

somatic antigen component may y'eW an a trac 
tive combined vaccine. a °" 
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